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FOREWORD

This study was initiated to determine wake profiles behind build-
ings and natural obstacles using a scaled model in a wind tunnel. The
wind tunnel approach is preferable because of economy of time and money,
simplicity and convenience. This is the third report of a continuing
program sponsored by the Fluid Dynamicgs Branch, Atmospheric Sciences
Division of the Space Sciences Laboratory at the George C. Marshall
Space'F1ight Center, National Aeronautics and Space Administration,

Huntsville, Alabama.

This research was conducted under the technical direction of
Mr. Dennis W. Camp and Mrs. Margaret Alexander of the Space Sciences Lab-
oratory at Marshall Space Flight Center. The support for this research
was provided by Mr. John Enders, Solomon Weiss and A. Richard Tobiason of
the Office of Aeronautics and Space Technology, NASA Headquarters,

Washington, D.C.
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CHAPTER 1

Sources of hazardous Tow-level wind conditions around airports have
been discussed by Fichtl, Camp and Frost (1977). Uakes from bluff bodies,
such as buildings, are among the sources mentioned. This is especially
true of STOL vehicles landing or taking off over buildings, fences or other
obstacles. Resea
speed change is currently needed.

Experimental work undertaken at NASA Marshall Space Flight Center has
been reported by Frost and Shahabi (1977) and by Frost, et al. (1977).
This work involved the use of instrumented wind towers to study the wake
of a simulated block building 3.2 m high by 26.8 m long under field condi-
tions. Mean horizontal and turbulence profiles were determined from read-
ings of anemometers located at heights z of 3, 6.2, 12 and 20.88 m above
the ground.

The velocity and turbulence profiles measured in the field have been
compared with wind tunnel profiles in the wake of a 1/50-scale model of the
3.2 x 2.4 x 26.8 m building. The results of the model study were reported
by Woo, Peterka and Cermak (1977), and a comparison of data was presented
by Logan and Camp (1978).

Logan and Camp (1978) found that field measurements of velocity and

turbulence in the wake of the block building 2. 2m high and 26.8m long show

an -apparent increase in momentum flow above tihe upwind value. The effect



has been studied by Logan and Chang (1980) in a pipe flow apparatus in
which a fully developed boundary layer is disturbed by a single roughness
element or obstacle. A second element, simulating the building, is placed
at various downstream distances from the first obstacle; and velocity and
turbulence profiles, measured by constant temperature hot-wire anemometer,
are presented for regions upstream and downstream of the simulated build-
ing. Velocity-deficit and turbulence-excess decay characteristics of the
disturbed or nonequilibrium layer are correlated with power law exponents
and apparent roughness length at various distances downstream of the dis-
turbance. Model wake profiles from the simulated building wake profiles
to upstream nonequilibrium parameters are presented.

It is evident from the studies cited above that obstacles affect the
wakes that occur immediately behind the obstacles. It is to be expected
that wakes spread laterally as well, so that regions of the atmosphere
near but not directly behind the obstacles are affected. This suggests a
three-dimensional wake of some complexity near the ends of buildings aligned
transverse to the wind.

The presence of adjacent buildings should complicate the flow further.
[f the buildings are near enough, the wakes formed near the ends should
merge to form a resultant wake at some point downstream of the gap between
them. In addition, small gaps between buildings would be expected to re-
sult in an acceleration of the surface flow.

To model end effects and gap effects in a single experiment, two bars
of square cross section were mounted on the floor of a wind tunnel, as shown

in Fig. 1. The spacing between the ends of the models was varied widely,
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and wake profiles were taken along the 1ine midway between the two ends.
A variety of obstacles have been used in previous studies available

“in the Titerature. A number of these are listed in Table 1, along with

the measurements taken. The present study of the wake behind a gap in a

bar-shaped model should yield profiles 1ike the previous twofdimensiona1

ones for the small-gap case and like the three-dimensional studies as

the gap is widened. Thus the studies 1isted in Table 1 should be useful

for comparison of results.



TABLE 1

Summary of Literature on Single Obstacles

Type of Type of Measured
Obstacle Surface Flow Quantities
Arie and platé U, u', v', w'
Rouse (1956) w/tail Flat plate 2-D W, ap
Mueller and ( ) Half '
Robertson (1962 U, Cp, u', UV
Mueller, Korst and rounded
Chow (1964) surface Flat plate 2-D
Tieleman and U. u'
Sandborn (1965) sphere Flat plate 3-D Cp
Plate (1967) fence Flat plate 2-D U
Petryk and
Brundrett (1967) fence Flat plate 2-D U
Good and Joubert
(1968) fence Flat plate 2-D U, Cp

Chang (1966) reported
by Plate (1971) wedge Flat plate 2-D u, u', v'
uv



Type of Type of Measured
Obstacle Surface Flow Quantities
Oka and Kostic (1971) square Flat plate 2-D u, v, u'
Castro (1971) perforated Flat plate 3-D U, u'
Sundaram, Lu wig plates
and Skinner (1972) fence Flat plate 2-D UW, u', w'
Counihan (1971)
reported by Woo et al. U, u'y, v', w'
(1977) cube Flat plate 2-D uv
Counihan, Hunt U, u', v
and Jackson (1974) square Flat plate 2-D uv
¢ /7
Sharan  (1975) rectangular
bTock Flat plate 3-D u, u'
Sami and Liu (1975) thin plate Flat plate 2-D U, u', UV, Ap
Castro and
Robins (1977) cube Flat plate 3-D Cp, V, W, U, u'
Woo, Peterka and
Cermak (1977) rectangular :
block Flat plate 3-D U, u'
Phataraphruk
and Logan (1978) rectangles Pipe 2-D U, u'y v', w'

uv




CHAPTER 2
FLOW FACILITY

In the current investigation, two bars, each with a square cross
section of 8.38 mm, were placed on the floor of a smooth rectangular
wind tunnel so the gap between the elements was normal to the flow.

The elements were developed in order that for each gap setting the ele-
ments extended to the side wall. Five gap settings were used ranging
from 0.5 to 10 times the height of the obstacle. The gap was increased
until only a small effect of the elements on the flow was noticed. Air
at low speeds was used as the fluid, so compressibility effects could
be ignored. A Reynolds number is defined as

U, H
Re = 1

AY

where H is the height of the element. The Reynolds number was 3750 (=100)
for all runs.

The experiment used a suction type wind tunnel (Fig. 2) which is 7.32m
Tong, 56 cm wide and has an adjustable roof section. Plexiglas formed the
sides and top while the floor was plywood laminated with a smooth formica
type material. The wind tunnel was constructed in 2.44m sections then placed
together at the supports and leveled. Plastic type sealer was used on the
joints insuring a smooth transition. The last 2.44m of the wind tunnel was

used as the test section, thus providing 4.88m in which to develop an
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equilibrium boundary layer.

A diffuser and 22.8cm diameter sheet metal duct connected the wind
tunnel to the suction end of a centrifugal blower. A 7.5 horsepower
constant speed motor powered the blower which was set for the maximum
flow rate consistent with this size motor. A short flexible duct was
used to prevent the inherent blower vibrations from reaching the wind
tunnel.

An ordinary furnace filter was placed at the entrance of the wind
tunnel to filter out any dust particles which might break the hot-wire
probes or make them dirty. A honeycomb type flow straignhntener was lo-
cated directly behind the filter. It had a 1:8 diameter to length ratio
which is within a standard usage range (Petryk and Brundret, 1967). A
12.7rm high piece of quarterround wood was placed normal to the flow and
the width of the.wind tunnel approximately 15 cm down stream from the
flow straightener. This "tripped" the flow to increase the boundary
layer neight. Downstream from the trip was placed 60 cm of number 16
sandpaper to increase turbulence.

The roof of the wind tunnel was adjusted for a zero pressure gradient
and its height above the floor ranged from 25.4 cm at the entrance to
29.9 cm at the blower end. Pressure taps were located on the sides of the
wind tunnel as shown in Fig. 2 in order to insure equal static pressures.
These pressure taps were designed with negligible error according to
Benedict (1977).

In order to allow the probes to be inserted into the flow, portions

of the top of the test section were cut with slots. During data taking,



all the slots were closed except the slot where the probe was located so
that the inside top surface was nearly smooth. A special slot cover was
designed to insure only minor leakage around the probe and minimal dis-

turbance to the flow.

A traversing-and-elevating device was designed to allow accurate
placement of the probe and the ability to move the probe in any direction.
Tne stand for the traversing-and-elevating device could be moved length-
wise along the wind tunnel, thus insuring the probe could be inserted
into any portion of the test section. There were two probe holders sep-
arated by a distance of one inch which provided the ability to calibrate
the hot-wire probe within the wind tunnel.

The models were constructed of aluminum and cut to within = 0.01 mm
tolerance. Each element was 23.5 cm long and was attached to the wind
tunnel floor with bolts as shown in Fig. 1. The gap was adjusted by placing
an aluminum block of the correct size between the elements and using the
adjustment screws to make minor changes. Tne models were then tightened
into position and the adjustment block removed. Modeling clay was placed
over the adjustment screws and shaped like the roughness elements to insure
no end effects were measured in the flow downstream.

Mean velocity profiles in the turbulent boundary were measured by
Pitot tubes and the hot wire anemometer technique. Both profiles were
compared with that-from Klebanoff and Diehl (1951) and Wieghardt (1953)
to insure that the techniques were giving correct results. Tne longitu-
dinal turbulence intensity was also measured with the hot wire and for

this reason it was preferred over the Pitot tube. Measurements were made

10



only along the centerline of the wind tunnel, thus effects of the walls
and lateral velocity components could be neglected.

Pitot tube and static port measurements were made with a Meriam
Model! 34F32 Micromanometer. This allowed a reading to within 0.01 mm

of water.

[a% 4 A

R N s o [nd nd o 1t B B VPP I By
re probe {(ULlSA J20F1i) wdd used LU

A normal hot w

leasure mean velo-

.

cities and longitudinal turbulences. The wire was 5um in diameter and
1.25 mm long. The probe was inserted from the wind tunnel top with the
probe supports normal to the flow. In this way, measurements could be
made closer to the floor.

A constant temperature anemometer (DISA 55 DO1) was used with the
normal probe, and the output was electronically linearized (DISA 55 D10).
The Tinearized mean velocities were read on a D.C. voltmeter (DISA 55 D30).
The root-mean-square values of the fluctuating components were read on a
R.M.S. voltmeter (DISA 55D 35).

The hot wire was calibrated with a standard 3.2 mm outside diameter
Pitot tube. Both the hot wire and the Pitot tube were located at the
same point above the floor and longitudinally, but were 25 mm apart later-
ally. Due to the difficulties with low velocity flow, the linearizer ex-
ponent was determined from an air flow near the end of a two inch diameter
nozzle. The flow from the nozzle was capable of a velocity of 110 feet
per second. The exponent was checked and calibration made in the wind
tunnel using two different velocities. Care was taken to insure that the
lower velocity was higher than 16 fps which, according to DISA instructions,

the calibration becomes unreliable. The hot wire was recalibrated every

11



three hours in order to avoid any errors due to the drift of the electronic
equipment. Since dirt deposition on hot wires has a very important effect
on the accuracy of the measurement, the wire was checked by microscope if

a change in the exponent was noticed.

The uncertainty of this experiment is shown in the Appendix to explain

the possibility of error in the experiment.
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CHAPTER 3
EXPERIMENTAL RESULTS

Measurement of longitudinal mean velocity and longitudinal turbu-
lence intensity in an equilibrium boundary layer developed over a smooth
channel was the first part of the experimental work. The second part in-
volved these measurements behind a single element and comparison with the
two-dimensional profiles of other experimentalists. The measurement of
longitudinal mean velocity and Tongitudinal turbulence intensity in the
flow downstream froﬁ the gaps between the elements of .5, 1, 1.5, 5 and 10
times the element height was then undertaken, completing the centerline
experiments. Eleven downstream measuring stations were used ranging from

one at the rear of the element to a point 224 element heights downstream.

Longitudinal mean velocity was measured both by a standard Pitot tube
and by a hot wire normal probe. The results of these measurements were
compared against those made by Wieghardt (as presented by Coles and Hirst,
1969) and Klebanoff and Diehl (1951), as shown in Fig. 3. Coles tabulated
Wieghardt's flow over a flat plate according to the Reynolds number based
on the momentum thickness as the Tength parameter. Using a summation type
of integration for calculation of the momentum thickness for both the pre-
sent Pitot-tube and hot-wire boundary layer measurements, the Reynolds
number was determined to be 2490. Wieghardt's data for a Reynolds number
of 2397.8 was found to be the nearest to this va]ue: Klebanoff and Diehl's

(1951) data were collected from equilibrium flow downstream from number 16

13
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sandpaper placed on a flat plate. Using the momentum thickness as the non-

dimensionalizing factor for the height above the floor, the comparison

generally shows good agreement especially in the region nearest the floor.
The root-mean-square of the longitudinal turbulence intensity measured

by the hot wire normal probe is compared agianst the results of Klebanoff
and Diehl (1951) in Fig. 4. Disagreement in the graphs near the free
stream is caused by differences in free stream turbulence level in the
two wind tunnels. The disagreement of the turbulence intensity nearest
the floor is caused by the difference in upstream history between the
flows compared. A smooth channel boundary layer profile in a semi-logarith-
mic plot is shown in Fig. 5 and may be used as a comparison to the follow-
on graphs of flows interrupted by the roughness elements.
FLOW BEHIND A SINGLE OBSTACLE

A single obstacie, or roughness element, was formed when the gap
between the two elements was reduced to zero. Since each element was of
equal size, a two-dimensional obstacle to the flow could then be produced.
Figs. 6 through 8 show the longitudinal mean velocity profiles at various
stations downstream in a semi-]ogarithmic plot. The longitudinal component
of mean velocity U is non-dimensionalized with respect to the free stream
velocity U], and the distance above the floor Y is non-dimensionalized with
respect to the height H of the element. The stations of velocity profile
in each figure are based on the non-dimensionalized distance x from the back
face of the element with respect to the height H of the roughness element.

These longitudinal mean velocity profiles were compared with Good and

Joubert (1968), Oka and Kostic (1971), and Phataraphruk and Logan (1978).

15
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The present work was found to be in agreement with the earlier experimenta]ists.
The longitudinal turbulence intensity for the single roughness element

is shown for the downstream locations in Figs. 9 through 11. The root-mean-
square of the longitudinal turbulence intensity U' is non-dimensionalized

with respect to the smooth channel friction velocity U*. These were compared
with the results of Phataraphruk and Logan (1978) and found to be in agreement.
As described by Oka and Kostic (1971), there is a difficulty in measuring
velocities accurately in th

e recirculation reagion directlv behind the roug
1 gn region directly henind oug

the roughness
element with a single not wire probe. The major problem was that the direction
of flow could not be determined precisely since the hot wire anemometer read
only the resultant velocity in this region.
FLOW BEHIND GAPS BETWEEW TWO MODELS

The longitudinal mean velocity profiles for the flow behind gaps between
two elements are shown in Figs. 12 through 22. These are non-dimensionalized
similar to the mean velocity profiles using a single element. According to
Oka and Kostic (1972), there is a wall effect on the hot wire anemometer read-
ing when YU*/ vis less than 5. However, Thinh (1969) found that for a normal
probe placed 90° to a flow there was a wall effect when YU*/v is less than 10.
Since the probe in this experiment was inserted 90° to the flow, the minimum
distance above the wall must be 0.559 mm to satisfy Thinh's criteria. This
was then selected as the lowest point of measurement for each profiie.

The root-mean-square of the longitudinal turbulence intensity for down-
stream locations is shown in Figs. 23 through 33. These are non-dimensionalized

in a manner similar to the turbulence intensity for a single element.
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CHAPTER 4
EFFECT OF SPACING
LONGITUDINAL MEAN VELOCITY

As the smooth channel flow reaches a gap between elements, it is
accelerated due to a "venturi-like" effect. This acceleration can be
seen by comparing the smooth channel profile with the profiles at x/H=0
(rear of the element) for various gap sizes (Fig. 12). The flow begins
to slow down just downstream from the gap as shown by Figs. 13-15. The
point of maximum retardation of the flow for the various gap sizes is
listed in Table 2.

When the mean velocity profile is plotted using a semi-logarith-
mic axis, "knee" points can be seen. The upper knee points as discussed
by Siuru and Logan (1977) indicate the growth of the internal boundary
layer after a change in roughness or other pertubation to the fiow. These
points are determined from the graphs and are depicted in Fig. 34. Siuru
and Logan (1977) determined that the internal boundary layer thickness
grows in proportion to (x/H)% with a change in roughness. As can be seen
from Fig. 34 the no-gap case agrees qualitatively with their result, but
the exponent is closer to 1/5. When a small gap exists (i.e., GAP/H = .5,
1.0, or 1.5), this same trend is found although at a different coefficient

of proportionality. As the gap size increases, the "knee" points become
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TABLE 2

Locations of Maxima and Minima

GAP/H X/H
Maximum Retardation Minimum Maximum Longitudinal
of Mean Velocity Cf Turbulence Intensities

0.5 4 4-6 6

1.0 4-6 4-6 6

1.5 6 4-6 6

5.0 16-28 21 16

10.0 56 224 56 (Y>H)
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less distinguishable. For the large gaps (GAP/H = 5.0 and 10.0), no
correspondence was observed.

For the case x/H = 0, additional profiles were measured. These are
at GAP/H = 2.0, 3.0, and 4.0, and were recordéd in order to determine the
gap at which the flow has the maximum acceleration. A venturi accelerates
the flow in inverse proportion to the area of the nozzle exit. In this case,
however, the fluid is able to flow over the obstacle rather than through
the gap and less acceleration occurs in small gap sizes. As shown in Fig.
12, the gap size in which maximum acceleration occurs is between GAP/H = 1.5
and 2.0. It is also interesting to note that the profile of GAP/H = 10.
resembles that of GAP/H = .5, and compared to the smooth channel profile,
these flows are only slightly accelerated.

Figs. 13 through 22 compare the mean velocity profiles for various
stations downstream. At x/H = 1 (Fig. 13), the profile GAP/H = .5 shows
a slowing and begins to approach the profile of the no gap case. At this
location, the profiles of GAP/H = 5 and 10 are not much different from the
x/H = 0 case. The profiles at x/H = 2 and 4 (Figs. 14, 15) show a continua-
tion of this trend. GAP/H = .5 has approximately modeled that of GAP/H = 0
by x/H = 4. The profiles at x/H = 6, 10 and 16 (Figs. 16 to 18) indicate
a trend towards modeling by the GAP/H = .5, 1.0, and 1.5 profiles of the no-
gap case. At x/H = 28 (Fig. 19), the GAP/H = 5.0 profile has also continued
this trend, and by x/H = 56 (Fig. 20) the GAP/H = 10 profile has a similar
characteristic. The profiles at x/H = 224 (Fig. 22) are nearly similar to

that of smooth channel flow.
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SKIN FRICTION COEFFICIENT
The coefficient of floor friction, Cf, was calculated using the
method described by Clauser (1954). Using the logarithmic law as a
basis, straight .lines are plotted on a chart of U/U] versus 1oglo(yU]/\))

for different values of C. according to the formula
U/U] = /Cf/22-3/'<]0910(.YU-|/\))+/Cf/2(2.3/,<1Og1o/Cf/2+A)

The constants « and A are .41 and 5.0, respectively, as suggested by Coles and
Hirst (1969). The data points for each mean velocity profile are then plotted
on this graph. Data points in the logarithmic region correspond to the

same s1obe as the "Clauser" lines, and thus the skin friction is determined.
Due to the inaccuracies in determining the exact height of the probe above

the floor, an error in origin on the "Clauser" graphs was noticed. This

uired a shift in some d
1Y ¢ S a

Jiin i i [P 215 e

fol}

+a points in order to determin
poInts 1n order TO detern

pxe)

the skin friction.

IR R L™ 1

This procedure is discussed by Perry et al. (1969).

Since the assumption was made that a logarithmic region exists, no skin
friction coefficients can be determined with this method if the flow is
separated from the surface. The point of reattachment, however, can be deter-

mined by extrapolating the line of best fit through the points downstream

I}

from reattachment in a graph of Cf vs. x/H. This is shown in the GAP/H 0
case in Fig. 35, and the reattachment point is estimated to be between 8-9
times the height of the abstacle downstream. This value agrees with that of
Chang (1978) for a similar case. This figure also indicates the differences

in the skin friction coefficient with the various gap sizes. The smaller gap

sizes tend to resemble the no gap case but with slightly higher friction
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coefficients. The estimated values (shown by the dashed lines) are found
from the position of the profile on the Clauser plot, although a definite
logarithmic portion could not be determined. These values indicate that
there is no separation downstream along the centerline of the gap. The
locations of the minimum Cf for each gap is shown in Table 2, except for
GAP/H = 10 where no depression was noted.

The values of the skin friction coefficient were compared with that

graph presented in Mueller and Robertson (1962) of Cf versus x/H agrees
gualitatively with the no gap case, although their values of Cf were higher
and their reattachment point (x/H = 6.8) was earlier. From the small
amount of data presented by Petryk and Brundrett (1967), the skin friction
coefficient is generally lower than the present case, probably due to their
highly smooth surface. In each of these studies, however, the Cf value in-
creased more rapidly and returned to equilibrium sooner than the no gap case.
This phenomencn appears to depend on the height of the obstacle compared to the
boundary layer thickness (8/H). It can be concluded that Cf builds up and
returns to equilibrium more slowly if the §/H is larger. From Fig. 35, it
also should be noted that there is an apparent overshooting of the smooth
channel value for the small gaps at x/H = 224 and an undershooting for the
larger gaps. This same overshooting can be seen in the results of Bradshaw
and Wong (1972).

Figure 35 shows the effect of the gaps on the attainment of an equi-

librium value of Cf. If a very small perturbation were to interrupt this

53



flow, the Cf value would soon return to the upstream value. As the per-
turbation becomes larger, more deviation from the upstream value will be
noted and the Cf would return more slowly. In this case, the Cf curve

for GAP/H = 10 deviates very little from the smooth channel C As the

£
gap size is decreased, however, more deviation is noted and return to
the upstream flow is sTower,

EQUILIBRIUM SHAPE FACTOR

The equilibrium shape factor, G, was calculated according to the
U;=UN\?
6 =[° <—‘—~—> d (y/8)
0 U*

S U
A=j0 (tjg) dy

This parameter was first developed by Clauser (1954) and he concluded

formula

where

that G = 6.8 represented the equilibrium boundary layer flow condition for
zero pressure gradient (Clauser, 1956). Other values have also been repor-
ted. In the present study, the upstream value of G was calculated to be
6.41. Using the smooth channel case as the reference value, it can be

seen by Fig. 36 that the GAP/H = 0, .5 and 1.5 have "undershot" this

value at x/H = 224. 1t appears that the GAP/H = 5 and 10 cases have slightly
overshot the reference value. This same undershooting effect was noticed by
Bradshaw and Wong (1972), who concluded that G does not return monotonically
to its equilibrium value. They also found that a minimum value of G will

occur at

x/H = 100 v &/H
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For the present no-gap case, this minimum point would occur at x/H = 316.
The effect of the gap is to moderate the flow disturbance. For small

or no gap the value of G rises abruptly and then undershoots its final

value. For larger gaps the disturbance is small and the return to equili-

brium swift; in fact, for GAP/H = 5 and 10 no minimum is observed. The

effect of an increase in size on Cf and G appears to be equivalent to a

f

4n +haoa +wn_AdAimancinnal ~aca
i LIS LWU=TUITHITTISiuviial vaoc

icrease of 6/H,
LONGITUDINAL TURBULENCE INTENSITY

As shown by Figs. 23 through 33, the point of maximum turbulence in-
tensity occurs in the wake just above the element for the no-gap case. As
the downstream distance increases, the point of maximum turbulence inten-
sity gradually moves up, away from the floor, and the maximum turbulence
intensity decreases.

As can be seen in Fig. 23, except for the smallest gap, the longitudinal
turbulence intensity has been reduced by the gap. The acceleration in the
gap, as seen by Fig. 23, has reduced the velocity gradient 3U/3y and conse-
quently the rate of turbu]egce production is reduced. As opposed to other
gap sizes, the GAP/H = 0.5 case shows a turbulence increase with two points
of maximum intensity. This increase is thought to be the result of two
effects. The first is the high velocity gradients created at the ends of
the elements due to the accelerated flow in the gap and the separation zone
immediately behind the roughness element. This produces high turbulence in-
tensity where these two effects meet. The second is the "horse-shoe" vortices

which are assumed to exist in front of the elements and move downstream
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through the gap. Such vortices could move the high intensity turbulence
created by the velocity gradient near the model ends to the centerline
of the gap where it is measured. The turbulence would have a maximum intensity
at a lower height due to the motion of these vortices. The effects of the
horse-shoe or traf]ing vortices, however, cannot be directly seen in any
other profile downstream, and the presence of the vortices has not yet been
confirmed by flow visualization. |

As the distance downstream increases, the turbulence intensities also
increase until a maximum occurs. The locations of the maxfma are shown in
Table 2. The height and vé]ue of the maximum intensity are lower than the
no-gap case, and the fact that maxima are produced further downstream from
wider gaps implies a spanwise propagation of the distortion effect from the
wake flows directly behind the obstacle. The significance of secondary
currents associated with the vortices has not been assessed to date.

After the point of maximum turbulence intensity, the shape of the tur-
bulence intensity profiles suggest that each gap has begun to model that
of the no gap case. This phenomena can be seen in Fig. 26 for GAP/H = .5,
Figs. 27 and 28 for GAP/H = 1.0 and 1.5, and Fig. 29 for GAP/H = 5.0. At
x/H = 224 (Fig. 33), no difference can be seen in the turbulence intensities,

and they nearly resemble that of the smooth channel case.
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CHAPTER 5
CONCLUSIONS

The following conclusions are drawn from velocity and turbulence
measurements made in a wind tunnel for wakes formed downstream of gaps
between two equal sized building models for GAP/H of 0.5, 1.0, 1.5,

5.0 and 10.0.
1. The upstream flow is accelerated through the gap between rough-
ness elements. The maximum acceleration occurs with a gap size
of 1.5 to 2.0 times the element height.

2. Immediately downstream from the gap, the flow begins to slow
down with the distance to the point of maximum retardation a
function of the gap size.

3. After the point of maximum retardation, the mean velocity profiles
become similar to the no gap case.

4. The coefficient of skin friction indicates that there no separation
region is formed along the centerline downstream from each gap.

5. The effect of an increase in gap size is to hasten the attainment
of the equilibrium value of Cf.

6. The equilibrium shape factor results indicate that an increase in
gap size is equivalent to increasing §/H for a single two-dimen-
sional obstacle.

7. The flow downstream from a large gap (5.0, 10.0) has nearly reached

equilibrium by x/H = 224.
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8. The longitudinal turbulence intensity begins to model the
turbulence intensity of the case with no-gap at a certain point
downstream. The location of this point is a function of gap
size.

9, After the modeling takes place, the maximum turbulence intensity
will be less and at a Tower height for the flow with a gap, than
for the flow without a gap, compared at the same x/H.

10. The effects of horseshoe vortices may explain the unusual profiie
at x/H = 0 for the GAP/H = .5, but their effects were not obvious
elsewhere.

11. A gap size of 10 times the element height has only a slight effect

on the flow as observed on the centerline at downstream stations.
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APPENDIX

UNCERTAINTY ANALYSIS

An uncertainty analysis was performed on this experiment in order to
describe a possible value of the error. The estimates of the uncertainty
in each of the variables are shown in Table 3. These uncertainty intervals
are based on the odds 20 to 1. The estimates of the uncertainty in each of
the variables are based on the following factors where applicable.

slight differences in the Tevel of the wind tunnel

floor due to alignment or the inherent distortions

of the wood.

small differences in the precise Tocation of the elevation
of the probe above the floor.

random errors in the reading of instruments due to
fluctuating signals.

time dependent drift of the hot wire anemometer.

errors in mean velocities due to the hot wire measuring the
resultant velocities of the longitudinal and lateral components,
rather than the longitudinal components.

The effect of the uncertainty in each variable on the uncertainty of
the derived results was based upon the work of Kline and McClintock (1953).

The uncertainty of the derived results can be expressed as:

w 2

3R &R al

. [(—avl ) G
e
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where R is a linear function of N independent variables, Ni is the
uncertainty interval for the independent variable Vi’ and Re is the result
of the 1inear function R. The estimates of uncertainty for the derived

data by using the above equation are tabulated in Table 4.
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TABLE 3

Estimates of Uncertainty in Measured Data

-

Percent Uncertainty

Measured Quantity Interval (20 to 1) - Remarks
Side walls .of Physical
wind tunnel 0.142 dimension
Slope of wind Physical
tunnel roof 0.798 dimension
Height/width of
roughness Physical
elements (H) 1.51 dimension
Longitudinal Fixed error for
pressure constant flow
gradient (AP) 0.275 rate
. Random error-
Mean velocity .
measured by hot gleitron1§
Longitudinal
turbulence in- Random error-
tensity (U') 4.8 electronic
instrument
Friction factor (CF) 2.50 Random error-from
graphical analysis
Laboratory Random error-sur-
temperature 0.668 rounding conditions
Laboratory Random error-sur-
pressure 0.175 rounding conditions
Centerline mean Random error-elec-
velocity {U1) 0.227 tronic instrument
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TABLE 4

Estimates of Uncertainty in Derived Data

Percent Uncertainty

Parameter Interval (20 to 1) Remarks
1. Reynolds number
AL
Y 1.53
2. Llongitudinal
velocity (U/U]) 8.0 (y<H), 0.9 (y=6) Greatest values-
close to floor
and within

separation zone

3. Longitudinal
turbulence (U'/U*) 6.8 (y<H), 5.9 (y=8) Greatest value-
close to floor
and within
separation zone

4. Friction velocity
(U*) 2.79
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